Background: Among breast cancer (BC) patients, near 40% are post-menopause, and 70%-80% are hormone receptor (HR)-positive. About 30%-40% BC patients who are diagnosed as invasive carcinoma HR-positive BC would eventually develop metastatic breast cancers. In 2016, FALCON trial proves Fulvestrant as an effective first-line endocrine therapy for post-menopause HR-positive advanced BC (ABC) patients. But even after FALCON published, Fulvestrant is rarely used as first-line in real world ABC patients in China.
and 15.9 months, respectively; in non-visceral metastatic patients, the median PFS for Fulvestrant users is 22.3 months (HR = 0.59, non-visceral metastatic subgroup vs visceral metastatic subgroup) [11] . This finding implies a poorer prognosis for visceral metastatic Fulvestrant users. Based on a multi-center retrospective analysis among ABC Fulvestrant users, patients with first-line usage, no prior palliative chemotherapy, and lower histology/nuclear grade have better prognosis; visceral metastasis have no significant effect on prognosis [12] . Some other opinions are obtained from Graham research findings; they support that patients with visceral metastasis benefit more from Fulvestrant treatment [13, 14] .
In real world practice, except HR status and tumor burden, the drug sensitivity and anti-cancer efficiency are always the priority issues in clinical treatment decision [3] . Although Fulvestrant is a promising and well-tolerant anti-breast cancer drug, it still has drug-resistant problem like other endocrine drug [15] . Recent researches suggest that PIK3CA mutation, ESR1 mutation, and ER/ HER2 crosstalk are the underlying molecular mechanisms for Fulvestrant resistance [15] [16] [17] [18] [19] . Patients with these resistant-related events always have poor prognosis. Therefore, molecular evaluation before treatment would provide oncologists the clues for future drug sensitivity and prognosis. Circulating tumor DNA (ctDNA) testing is highly efficient in detecting ESR1, PI3K and TP53 mutations in metastatic BC patients [20] [21] [22] . Due to the spatial heterogenicity of breast metastases, ctDNA testing is even more useful than tumor tissue genetic testing.
In this study, we aimed to collect real world data to retrospectively analyze the potential risk factors for Fulvestrant treatment where risk candidates included both clinical factors and genetic mutations.
Materials and methods

Patient cohort and clinical data collection
136 BC patients with relapse or metastases who received Fulvestrant treatment were enrolled in this study. These patients received treatment at the Department of Breast Cancer Medical Oncology in Hunan Cancer Hospital from June 2015 to August 2018. The study was approved by the Ethics Committee at the Hunan Cancer Hospital.
Informed consent was obtained from each patient prior to study onset. Specially, inclusion criteria includes: (1) cytologically or histologically confirmed AJCC stage IIIB-IV breast cancer patients, including locally unresectable ABC, relapsed and metastatic BC; (2) postmenopause patients; (3) based on ASCO definition, ER is positive and/or PR is positive; (4) according to RECIST 1.1 standard [23] , patients had at least one detectable target lesion; (5) Performance score (PS) was 1-2 points.
Excluding criterion were (1) multiple primary cancer patients; (2) premenopausal females; (3) Fulvestrant was administrated combined with other endocrine therapy, chemotherapy or targeting therapy.
Basic demographic and clinical information were collected, including age of primary BC diagnosis, age at Fulvestrant treatment, disease free survival (DFS), HR/ human epidermal growth factor receptor 2 (HER2) status, TNM stage at primary BC diagnosis, treatment history at diagnosis (including primary BC surgery/radiation, chemotherapy, and endocrine therapy history), palliative treatment history after relapse or metastasis, and metastatic sites.
Definition of progression and time-to-progression
The RECIST has established the guidelines for measurement of the tumoral targets and to assess the response to treatments. According to RECIST 1.1 standards, progression is defined as 20% increase in tumoral targets' volume. In targeted therapy-based treatment trials of metastatic BC patients, PFS highly correlates with overall survival [24, 25] . Therefore, PFS was applied to evaluate the patient's responses to Fulvestrant in this study.
Time to Treatment Failure (TTF) was the second measurement in this study. According to previous publication [12] , TTF was defined as the period of time between the start and the termination of Fulvestrant treatment. If a patient was considered as disease progressed (PD), then the termination day was the day of progression; if a patient received palliative or replaced treatment, then the termination day was 28 days later to the last day of Fulvestrant treatment; if a patient requested to stop Fulvestrant and change to use other drugs, the termination day was 28 days later after last Fulvestrant treatment day or the start day of the next regimen, depending on which day was earlier; if a patient had PD, but the progression day could not be identified, then the termination day was the last Fulvestrant treatment day plus 28 days, or the start day of next regimen, depending on which day was earlier.
Circulating tumor DNA testing
To investigate the genetic risk factors associated with Fulvestrant resistance and poor prognosis, ctDNA test was performed in 16 volunteers among enrolled 136 Fulvestrant users. The peripheral blood samples were collected and DNA extraction procedure followed the protocol as described previously [20] . Genomic DNA (gDNA) was sequenced as the normal control sample. Capture probes were designed to cover coding sequences and hot exons of 1021 genes that were frequently mutated in solid tumors. A detailed description of the capture experiments has been reported [20] . Single nucleotide variants (SNV) were called using MuTect (version 1.1.4) and NChot softwares [20] . Small insertions and deletions (Indels) were called using GATK. Somatic copy number alterations were identified with CONTRA (v2.0.8). Significant copy number variation was expressed as the ratio of adjusted depth between ctDNA and control gDNA. The final candidate variants were all manually verified in the Integrative Genomics Viewer.
Propensity score match
A 1:1 propensity score matching (PSM) analysis was performed to reduce the potential bias between the two subgroups. To evaluate the effect of potential factors on Fulvestrant treatment without bias, propensity scores were calculated through logistic regression for each patient in compared subgroups. The covariates included in the logistic regression were all other clinical candidates except the PSM-evaluated one. Patients in each of the two groups were matched based on the propensity score. Covariate balance between each of the two groups was examined by Chi square test. Survival comparisons were then performed for the matched patients using the same methods as those in the unmatched patients.
Statistical analyses
Numerical variables were summarized as the mean (standard deviation) and median (interquartile range). Categorical variables were reported as counts (percentage). An analysis of variance was used to compare continuous variables with symmetrical distributions across subgroups. Chi square tests and Fisher's exact tests (n < 5) were used to compare categorical variables between subgroups. Mentel-Haenszel Chi square tests were used, when group number was more than two. Cox regression analysis was used to evaluate the univariate and multivariate risk of candidate risk factors for progression. Kaplan-Meier (KM) curves were used to plot survival distributions against progression, and the log-rank test was used to assess differences in PFS among subgroups. A receiver operating characteristic (ROC) curve was then calculated to determine the optimal cutoff of the age at Fulvestrant usage that maximized sensitivity and specificity in predicting a better PFS. All tests of hypotheses were two-tailed and conducted at a significance level of 0.05, and at a marginal significance level of 0.15. Statistical analyses were conducted using SAS 9.4.
Results
Demographic and clinical features
136 Fulvestrant users were enrolled in this study. 17 (12.5%) patients received Fulvestrant as the first-line endocrine treatment. 61 (44.85%) patients received Fulvestrant as the second-line endocrine treatment. To avoid confounding effects, multivariate COX regression analysis was performed. As shown in Additional file 1: Table S1 , compared to the first-line usage, both the second-line and ≥ third-line usages were risky Table S1 ).
Survival analysis for patients stratified by significant candidates
To further evaluate the effect of above significant factors on Fulvestrant users, lifetest and PSM analyses were conducted. As shown in Fig. 1 , the median PFS for all enrolled patients was only 6.53 months. But, patients with Fulvestrant first-line treatment had longer mPFS (15.67 months), which was much longer than Fulvestrant second-line users (mPFS = 7.47 months) and patients with Fulvestrant line ≥ 3 treatment (mPFS = 5.43 months). Lifetest showed a significant better PFS for first-line users than second (or above)-line users (p-value = 0.0635, Fig. 2a  left) . In PSM data (right panel of Fig. 2a ), p-value was not significant due to small sample size (a total of 30 samples after PS matched), but the Kaplan-Merier (KM) curve of first-line Fulvestrant users (blue line) was distinctively higher than the KM curve of higher line users (red line). Lymph node metastasis was a significant risk factor for poor PFS in both univariate and multivariate COX model; PSM analysis further confirmed this effect (Fig. 2b , p = 0.07 in PSM data). However, visceral metastasis did not show a significant risk effect on PFS for Fulvestrant users in both raw data and PSM data (Fig. 2c) . As for prior palliative chemotherapy before Fulvestrant treatment, it showed a marginal risk effect for PFS in KM curve analysis (Fig. 2d left panel, logrank p = 0.11) and univariate COX analysis (p = 0.16, Table 2 ); but in PSM data, the stratified KM curves were most the same (Fig. 2d right panel, logrank p = 0.96). Also, because patients with prior palliative chemotherapy were all second-line or higher-line Fulvestrant users (Table 1) , prior palliative chemotherapy showed a marginal risk effect on PFS (Table 2) ; when PSM removed the unbalanced distribution of patients with prior palliative chemotherapy among distinct lines of Fulvestrant users, the risk effect of prior palliative chemotherapy disappeared (Fig. 2e) .
ctDNA mutations related to Fulvestrant resistance and poor prognosis
To explore the molecular basis of Fulvestrant resistance, 16 Fulvestrant second-or higher-line users participated ctDNA testing. According to their PFS lengths, these patients were divided into two subgroups: PFS < 6 months and PFS > 6 months. Figure 3 ranked the mutated genes. If 1 patient had two mutations within in one gene (e.g., patient ID = 8 had two PIK3CA mutations, p.E545K and p.E726K, Fig. 4a ), this gene would be counted twice in Fig. 3 . As shown in Fig. 3 , in patients with poor prognosis (PFS < 6 months), TP53, ERBB2 and ESR1 gene mutations were the top frequent mutations; other genes, including ARD1A, FBXW7, DDR2, ect, were also frequent mutations. For patients with PFS longer than 6 months, no ERBB2 and ESR1 gene mutations were detected.
To explore the correlation of TP53, PIK3CA, ERBB2 and ESR1 mutations with poor PFS, fisher's exact test was used to compare the patients' gene mutation frequencies between two PFS subgroups. Here, if 1 patient had mutations in one gene, no matter how many mutations were there in 1 patient, only 1 patient is counted for frequency comparison. As shown in Table 3 , when compared to PFS > 6 months subgroup, PFS < 6 months subgroup had significantly higher mutation frequency of ESR1 or ERBB2 mutation (p = 0.03). In addition, marginally more patients with PFS < 6 months had TP53, ESR1 or ERBB2 mutations (p = 0.011).
Fulvestrant resistance were related to ESR1 mutation or ERBB2 mutation
Among 16 Fulvestrant users with ctDNA testing, five received the second-line Fulvestrant treatment, and 11 patients received ≥ third-line Fulvestrant treatment (Additional file 2: Figure S1 ). In second-line Fulvestrant users, PFS of 2/5 (40%) patients were less than 6 months (ID = 9 and ID = 11), while PFS of the rest 3/5 (60%) patients were longer than 6 months (ID = 4, 5, 8, Fig. 4a ). In ≥ third-line Fulvestrant users, PFS of 8/11 (73%) patients were less than 6 months, and PFS of 3/11 (27%) patients were longer than 6 months (ID = 7, 10, 13, Fig. 4b ). In all 10 PFS < 6 months patients, two had ESR1 missense mutation (ID = 11 p.A58T and ID = 12 p.D538G), 4 patients had ERBB2 mutation (ID = 6 p.Y772_A775dup; ID = 9 p.S310F; ID = 14 p.G776delins; ID = 15 had both ERBB2 amplification and ERBB2 p.E844K missense mutation Fig. 4b ), and 3 patients had TP53 mutation (ID = 9, 11 and 17). In all 6 PFS > 6 months patients, none of them had ESR1 or ERBB2 mutations.
Discussion
In this study, we retrospectively analyzed the clinical factors that might influence the treatment response of advanced ER-positive breast cancer patients to Fulvestrant. We also utilized ctDNA testing to investigate Fulvestrant-related drug resistant mutations. By using COX regression analysis, we found that Fulvestrant first-line treatment, older age at Fulvestrant usage, and high ERpositive percentage were protective factors for PFS in Fulvestrant users. But, ≥ second-line Fulvestrant usage, HER2-positive, higher nuclear or histological grade, late stage (stage III/IV) at BC diagnosis, and lymph node metastases were important risk factors for poor PFS prognosis for Fulvestrant users ( Table 2 and Additional file 1: Table S1 ). PSM analysis further confirmed the risk effect of late-lines treatment and lymph node metastasis (Fig. 2) .
Currently, Fulvestrant is recommended as the standard first-line endocrine therapy for post-menopause ERpositive advanced BC patients. But, based on our study, only 17/136 (12.5%) post-menopause ER-positive ABC patients received first-line Fulvestrant treatment, 61/136 (44.85%) patients received second-line Fulvestrant treatment, and 58/136 (42.65%) patients received third-line (and higher lines) Fulvestrant treatment. The median PFS for first-line, second-line and third-line (including higher lines) users were estimated to be 15.67 months, 7.47 months and 5.43 months, respectively (Fig. 1) . Therefore, the earlier Fulvestrant is used, the better prognosis patients would have. In addition, compared to the ER status at diagnosis or surgery biopsy, ER status would change as disease progression in later stage. Drug resistance would also appear after multi-line endocrine therapies. Therefore, based on the findings of this study, we recommended ER-positive ABC patients to receive Fulvestrant treatment as early as possible. Multivariate COX regression analysis suggested high ER-positive percentage (50-100%) to be a beneficial factor for prognosis (Additional file 1: Table S1 ). This was consistent with clinical observations that patients with high ER level were more sensitive to endocrine therapy and thus the prognosis would be better.
Univariate COX analysis showed prior palliative chemotherapy as a marginal risk factor for poor prognosis. The median PFS for Fulvestrant users who had no prior palliative chemotherapy was 8.47 months, compared to patients with prior palliative chemotherapy with median PFS of 5.8 months (logrank p-value = 0.1174, Fig. 2d) . Usually, patients with rapid tumor growth and symptomatic visceral metastases were firstly treated with palliative chemotherapy, because these patients needed rapid control for the disease. Thus, Fulvestrant was used as second-line or even higher-line regimen for these patients. Undoubtedly, these patients had poor response for late-line Fulvestrant treatment. When PSM was used to evaluate prior palliative chemotherapy, none first-line users were included; all PSM patients for prior palliative (See figure on previous page.) Fig. 3 Circulating tumor DNA (ctDNA) gene mutation profiles in 16 volunteer Fulvestrant users, stratified by PFS lengths, PFS < 6 months (a) and PFS > 6 months (b). Dark red represents the most common mutated genes and dark blue represents the rarest mutations. If the mutated genes appeared at the same frequency, they are ranked in alphabetic order Page 10 of 13 Liu et al. J Transl Med (2019) 17:27 chemotherapy were second-line or higher-line patients; in this case, patients with prior palliative chemotherapy had no significant different PFS from patients with other prior palliative drug treatment. According to current clinical researches, no report about the relationship between lymph node metastases and PFS prognosis has been demonstrated in Fulvestrant users. In our study, both COX regression analysis and PSM analysis showed a significant risk effect of lymph node metastases against PFS in Fulvestrant users (Fig. 2b) . But, these results need to be carefully interpreted. More well-designed perspective studies are required to confirm our results.
As for visceral metastasis, it is another important clinical event for evaluation. FALCON trial has suggested that non-visceral metastasis patients benefit more from Fulvestrant [11] . However, Kawaguchi H reports that visceral metastasis is irrelevant to PFS in Fulvestrant users [12] , which is similar to our findings. We suppose that distinct enrollment criterion lead to such a According to their PFS lengths, these patients were divided into two subgroups: PFS < 6 months and PFS > 6 months * p-values were calculated by using Fisher's exact tests (n < 5) for categorical variables comparison between PFS < 6 months group and PFS > 6 months group
Covariate
Overall (N = 16) PFS subgroups PFS < 6 months (n = 10) PFS > 6 months (n = 6) p-value* discrepancy. The enrolled patients in FALCON trial are ER-positive/HER2-negative patients without any prior endocrine therapy. But in our retrospective study, most (73.53%) patients had received prior adjuvant endocrine therapy after surgery (Table 1) . After long-term treatment, our patients more or less had intrinsic or required drug-resistance, so their treatment response to Fulvestrant would be inferior to the patients in FALCON trial. In addition, invisible visceral micro-metastasis might be another reason for such discrepancy. As we known, micro-metastasis sometimes exists even after mastectomy surgery and adjuvant chemotherapy [26, 27] ; but current clinical tools cannot detect these micro-metastases, especially for visceral micro-metastases. Therefore, inadequate evaluation for disease status in ABC patients would lead to insufficient treatment and rapid tumor progression. Till now, no research about ctDNA gene mutations has been reported in Fulvestrant users. Therefore, in this study, we recruited 16 volunteers to screen their ctDNA profile when disease progressed after Fulvestrant treatment. Although the sample size was relatively small, but we still obtain some important clues for the molecular basis about Fulvestrant resistance. All recruited 16 patients received second-or higher-line Fulvestrant treatment. By using ctDNA testing, PIK3CA was found to be the most common (62.5%) mutated gene in these 16 patients. PIK3CA mutated patients with ESR1 or ERBB2 mutation had the shortest PFS. As shown in Table 3 , 60% patients in PFS < 6 months group had ESR1 or ERBB2 mutation. Two ESR1 mutated patients (ID = 11 and ID = 12) were both ABC patients with prior aromatase inhibitors (AI) treatment. In ER-positive patients, ESR1 mutation is not only associated to AI treatment failure [28] , but also induces drug resistance to Fulvestrant [19] . The crosstalk between PI3K and ER pathway and between PI3K/ERBB2 pathway also cause patients' resistance to endocrine therapy [17] . In COX regression analysis, HER2-positive status was also confirmed as a risk factor for poor prognosis (Table 2 and Additional file 1:  Table S1 ).
There were some limitations in this study. First, in this single-center retrospective study, the sample size was relatively small, and we lacked drug efficiency comparison of Fulvestrant with other endocrine drugs. Second, in this retrospective observational study, none first-line Fulvestrant user received ctDNA testing. So, we could not get information about the mutation situation in firstline users. In fact, only 16 Fulvestrant second-or higherline users received ctDNA testing. It was good for us to detect the ctDNA profile in treatment failure patients, but no dynamic ctDNA surveillance during Fulvestrant treatment was obtained for us to find other potential resistance-related mutations. In further investigation, we will continue to focus on Fulvestrant first line users and conduct ctDNA testing.
In recent years, clinical researches have made great effort to realize individualized treatment by optimizing clinical settings and targeting specific biological features [29] . Currently, anti-breast cancer therapy has entered an era of precision medication [30] . A double-blinded phase III clinical trial PALOMA-3 investigate the efficiency of Palbociclib plus Fulvestrant vs Fulvestrant alone in HR+/ HER2− post-menopause patients with prior endocrine therapy failure; compared to Fulvestrant alone group, Palbociclib plus Fulvestrant shows a better prognosis [31] . Another random double-blinded placebo-controlled phase II clinical trial (PrE0102) shows that mTOR inhibitor Everolimus could improve Fulvetrant treatment outcome in AI-resistant ER-positive metastatic breast cancer (MBC) patients [32] ; compared to Everolimus alone, Fulvestrant plus Everolimus could significantly prolong median PFS from 5.1 to 10.3 months [HR (95% CI) = 0.61 (0.40, 0.92), p = 0.02]. In addition, MONALEESA-3 trial proves that Fulvestrant has good treatment efficiency in both single drug treatment and combined regimen [33] [34] [35] . In future, more large-scale perspective research plus ctDNA surveillance would provide more useful clinical and genetic information about Fulvestrant treatment. Breast cancer patients would have more survival opportunity by using Fulvestrant-based combined targeting therapy.
Conclusion
First-line Fulvestrant usage could guarantee a better prognosis than higher-line usage. Fulvestrant first-line users had a median PFS of 15.67 months, which was longer than the second-line users and third (or higher)-line users (mPFS = 7.47 and 5.43 months, respectively). COX regression analysis showed that lymph node metastasis and HER-2 positive were significant risk factors for poor PFS; high ER-positive was a significant protective factor. In addition, ESR1 or ERBB2 mutation was found to be related to poor PFS in higher-line Fulvestrant users.
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Additional file 1: Table S1 . Multivariate COX regression analysis for the risk factors for progression (PFS) and time-to-failure (TTF) in Fulvestrant users. Figure S1 . ctDNA gene mutation profiles in Fulvestrant users, stratified by Fulvestrant lines, second-line users (A), and third or higher-line users (B). Dark red represents the most common mutated genes and dark blue represents the rarest mutations. If the mutated genes appeared at the same frequency, they are ranked in alphabetic order.
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